Nearfield acoustical holography ͑NAH͒ data measured by using a microphone array attached to a high-speed aircraft or ground vehicle include significant airflow effects. For the purpose of processing the measured NAH data, an improved nearfield acoustical holography procedure is introduced that includes the effects of a fluid medium moving at a subsonic and uniform velocity. The convective wave equation along with the convective Euler's equation is used to develop the proposed NAH procedure. A mapping function between static and moving fluid medium cases is derived from the convective wave equation. Then, a conventional wave number filter designed for static fluid media is modified to be applicable to the moving fluid cases by applying the mapping function to the static wave number filter. In order to validate the proposed NAH procedure, a monopole simulation at the airflow speed of Mach= −0.6 is conducted. The reconstructed acoustic fields obtained by applying the proposed NAH procedure to the simulation data agree well with directly-calculated acoustic fields. Through an experiment with two loudspeakers performed in a wind tunnel operating at Mach= −0.12, it is shown that the proposed NAH procedure can be also used to reconstruct the sound fields radiated from the two loudspeakers.
I. INTRODUCTION
Nearfield Acoustical Holography ͑NAH͒ is a powerful tool that can be used to visualize three-dimensional sound fields by projecting acoustic pressure data measured on a two-dimensional ͑2-D͒ measurement surface ͑i.e., hologram surface͒ to reconstruction surfaces. The NAH procedure that includes evanescent wave components ͑i.e., subsonic wave components͒ to improve the spatial resolution of a reconstructed sound field was first introduced by Williams et al. in 1980s. 1-3 Since then, many researchers have improved the NAH procedure and applied the improved NAH procedures to various vibro-acoustic and aeroacoustic problems.
When the acoustic pressure data measured on a hologram surface are projected by using a NAH procedure, the acoustic pressure data are required to be "spatially coherent": i.e., an acoustic pressure signal measured at a microphone location should be coherent to an acoustic pressure signal measured at another measurement location. That is, it is required that there is only a single coherent source in the system of interest, or that all measurement points in a measurement aperture are measured simultaneously. The former condition is not always satisfied since a "real" system usually has a composite source consisting of multiple incoherent sources: e.g., the noise source of an electric fan can consist of multiple incoherent sources, each associated with electric motor noise, blade vibration noise, flow noise induced by vortex-shedding at the edges of blades, and so on. The latter condition requires a large number of microphones that completely cover a composite source although extensive research has been conducted to project the acoustic pressure data measured only on a small patch of a complete measurement aperture. [4] [5] [6] [7] [8] In order to satisfy the coherence requirement, a scanbased, multi-reference NAH procedure was introduced by Hald. 9 In this procedure, a small number of microphones can be used to measure acoustic pressure data on a patch of a complete hologram surface during each scanning measurement, while multiple reference microphones are fixed at their locations throughout the scanning measurements. The measured patch data are combined to obtain a complete data set on the entire hologram surface. The combined hologram data are then decomposed into partial acoustic pressure fields, each is spatially coherent. Note that the partial field decomposition procedure based on the Singular Value Decomposition ͑SVD͒ was first introduced by Hald. 9 Each partial acoustic pressure field on the hologram surface is repetitively projected onto reconstruction surfaces and the total projected fields are then calculated by superposing all of the projected partial fields. Note that the scan-based, multi-reference NAH procedure is based on an assumption that the sound field radiated from a composite source is stationary during scanning measurements: i.e., there should be no temporal variation of the radiated sound field in a statistical sense. However, in a "real" NAH measurement, the sound field is not always stationary resulting in non-stationarity effects. For the purpose of reducing the non-stationarity effects, a source nonstationarity compensation procedure was introduced by Kwon et al., provided that source levels are assumed to be non-stationary while their directivities remain statistically unchanged during entire scanning measurements. 10 In order to obtain "physically-meaningful" partial fields from a scan-based, multi-reference NAH measurement, it is required to place reference microphones close to noise sources. 11 Then, each of the resulting partial fields can be associated with a specific noise source whose noise signal is closely correlated with the signal measured by a reference microphone. However, it is not always possible to physically place reference microphones close to noise sources. Kim et al. proposed to use virtual references of which locations are determined where beamforming powers are maximized, which allows to identify physically-meaningful partial fields regardless of the physical locations of the reference microphones.
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When a NAH measurement is performed using a microphone array fixed on a moving transportation means such as a moving airplane or ground vehicle, the measured data includes the effects of a moving fluid medium. For example, jet noise data can be measured by using an array of pressure transducers mounted on the fuselage surface of an aircraft during its cruise condition, e.g., at M = 0.5-0.8 where M represents the Mach number. The measured data can be then used to visualize jet noise pattern radiated from jet engine to the fuselage surface.
In the aforementioned jet noise measurement case, it can be assumed that Turbulence Boundary Layer ͑TBL͒ noise can be negligible in the measured data. Consider the crossspectral matrix of microphone array signals whose ͑m , n͒ element is the cross-spectrum between the m-and n-th microphone signals. The off-diagonal terms of the crossspectral matrix associated with the TBL noise can be reduced when the distance of any two adjacent microphones is larger than TBL correlation length. In order to reduce the diagonal terms of the cross-spectral matrix ͑i.e., auto-spectra͒, microphone fairings can be used to generate smooth streamlines around the microphones. These smooth streamlines then result in low auto-spectral, flow noise levels.
Another example can be the tire noise data measured by using a microphone array attached to a moving ground vehicle. Note that the latter measurement case can be equivalent to a case where a composite source and receiver are not in motion while a fluid medium is moving at a uniform velocity.
Ruhala et al. proposed a planar NAH procedure in a fluid medium moving at a low subsonic speed. 12 In this lowspeed case, a static radiation circle in the ͑k x , k y ͒ wave number domain is assumed to shift along the wave number axis in the opposite flow direction while its radius increases due to the motion of the fluid medium. Thus, they proposed the NAH procedure that uses a modified wave number filter based on the shifted and extended radiation circle. However, when the fluid medium is moving at a high Mach number ͑e.g., 0.2Ͻ ͉M͉ Ͻ 1͒, the shifted and extended radiation circle that is represented in Eq. ͑42͒ of Ref. 12 is no longer valid. It is also assumed that the particle velocities perpendicular to the flow direction are not affected by the mean flow as described right below Eq. ͑44͒ in Ref. 12 , which is not valid for a moving fluid medium at a high Mach number. Thus, the low-speed approximations used in the NAH procedure proposed by Ruhala et al. result in significant errors when the fluid medium is moving at a high Mach number.
In the present paper, an improved NAH procedure is developed that is applicable to high-speed, subsonic flow conditions. In particular, a mapping function between static and moving medium cases is derived from the convective wave equation. A wave number filter that can be applied to both high-and low-speed, subsonic flow cases is then defined by mapping the conventional static wave number filter 3, 13 to the coordinate system of a moving fluid medium case. Here, it is also proposed to consider the flow effects on reconstructed particle velocities in the flow direction as well as in the directions perpendicular to the flow direction. Note that the proposed NAH procedure can be applied to any subsonic, uniform flow conditions where ͉M͉ Ͻ 1. For the purpose of validating the proposed NAH procedure, a monopole simulation at the airflow speed of M = −0.6 is conducted. The negative Mach number indicates that the fluid flow direction is opposite to a predefined positive coordinate direction. This high Mach number is chosen to simulate a jet noise measurement case where a jet airplane is in a cruise condition at ͉M͉ = 0.6 as described before. An experiment with two loudspeakers in a wind tunnel operating at M = −0.12 is also conducted. In this paper, it is assumed that the flow noise induced by placing array microphones in a high-speed, moving fluid medium can be ignored. A cross-spectral matrix between reference microphone signals is measured by placing reference microphones at the locations where the effects of flow are negligible but the source signals are measurable. Then, the cross-spectral matrix is decomposed by applying the Singular Value Decomposition ͑SVD͒. The microphone-induced flow noise components can be then reduced from the measured data by removing the singular values associated with the flow noise components. The experimental results presented in this article are processed by using the aforementioned flow-induced noise reduction procedure.
In the following theory sections, spatially-coherent, partial acoustic pressure fields on a hologram surface are assumed to be given. For the numerical and experimental results presented in this article, the spatially-coherent, partial acoustic pressure fields are obtained by applying the nonstationarity compensation and partial field decomposition procedures 10, 11 to the calculated or measured acoustic pressure data on the hologram surface.
II. THEORY A. Planar NAH in static fluid medium
In order to present the proposed NAH procedure in a consistent and comprehensive manner, consider a conventional NAH procedure that can be applied to a static case where noise sources, receiver, and fluid medium are not in motion. A Cartesian coordinate system in the static case is defined as ͑x , y , z͒. When acoustic pressure is measured on a measurement plane at z = z h ͑i.e., hologram plane͒, the measured acoustic pressure data can be decomposed into spatially-coherent, partial acoustic pressure fields: i.e., each resulting partial field is uncorrelated with other partial fields. [9] [10] [11] Each partial acoustic pressure field, p͑x , y , z h , ͒ can be then expressed as a superposition of plane wave components by applying the spatial Fourier Transform in the xand y-directions. The resulting plane wave component, P͑k x , k y , z h , ͒ ͑i.e., acoustic pressure spectrum͒ in the wave number domain, ͑k x , k y ͒, can be written as
where F represents the 2-D spatial Fourier Transform. Note that in a real implementation, the spatial Fast Fourier Transform ͑FFT͒ is applied to the spatially-sampled, acoustic pressure data instead of the spatial Fourier Transform. The acoustic pressure spectrum on a reconstruction surface at z = z r can be calculated from the measured acoustic pressure spectrum on the hologram surface by multiplying a plane wave propagator: i.e.,
In Eq. ͑2͒, K p is the acoustic pressure propagator defined as
where
In Eq. ͑4͒, k is the wave number defined as k = / c 0 where c 0 is the speed of sound. The projected particle velocity spectrum can be also obtained by applying the Euler's equation to Eq. ͑2͒. The particle velocity propagator is then defined as
where 0 is the static density of the fluid medium. Thus, the projected particle velocity spectrum in the j-direction can be obtained from Eq. ͑2͒ by replacing K p with K j . The circle with the radius of r = k obtained by setting k z = 0 in Eq. ͑4͒ is referred to as the radiation circle 3, 14 ; i.e.,
Note that the propagator of the evanescent wave component outside of the radiation circle that is applied during a backward NAH projection improves the spatial resolution of a reconstructed sound field. 1-3 However, measurement noise outside of the radiation circle is also amplified exponentially during the backward projection procedure. For the purpose of suppressing the noise effects, it is recommended to apply a static wave number filter 3, 13 to the acoustic pressure spectrum before performing the backward NAH projection.
The reconstructed acoustic pressure or particle velocity field is obtained by applying the inverse spatial Fourier Transform to the projected acoustic pressure or particle velocity spectrum: e.g.,
The aforementioned NAH procedure is repetitively applied to all of the partial fields on the hologram surface. The projected fields are then combined to obtain a total field on the reconstruction surface. 10, 11 The projected sound intensity field can be also calculated by multiplying the projected acoustic pressure and particle velocity fields.
B. Plane wave propagation in moving fluid medium
Consider a coordinate system, ͑ , , ͒ in a moving medium that is corresponding to the ͑x , y , z͒ coordinate system in the static fluid medium. When the fluid medium is moving at a subsonic and uniform -direction velocity, U while a composite noise source and receiver are not in motion, the convective wave equation 14 can be written as
where D / Dt is the total derivative ͑or the material derivative͒ defined as
The convective Euler's equation 14 that relates acoustic pressure and particle velocity can be also written in terms of the total derivative: i.e.,
For the purpose of analyzing the plane wave propagation characteristics in the moving fluid medium, consider the following plane wave solutions for the acoustic pressure and particle velocity represented as
where the subscript, j represents the particle velocity direction ͑i.e., j = , , or ͒. By applying the acoustic pressure solution, Eq. ͑11͒ into Eq. ͑8͒, the characteristic equation can be found as
In Eq. ͑13͒, M is the Mach number defined as
Similarly, by substituting Eqs. ͑11͒ and ͑12͒ into Eq. ͑10͒, the acoustic pressure and particle velocity can be related as
By setting k = 0 in Eq. ͑13͒, an ellipse can be obtained that defines the borderline between supersonic and subsonic components: i.e., ͑k + a͒
and
represents the ellipse with the semimajor axis, r 1 and semiminor axis, r 2 centered at ͑−a ,0͒. This ellipse can be defined as the "radiation ellipse" that is corresponding to the radiation circle in the case of the static fluid medium: i.e., the wave components inside of the radiation ellipse represent propagating waves while the outside wave components represent evanescent waves. When compared with the radiation circle in Eq. ͑6͒, the center of the radiation ellipse shifts by −a along the k -axis in the flow direction ͑i.e., the -direction͒. The radius, r = k of the static radiation circle increases to r 1 in the k -direction and r 2 in the k -direction in the case of the subsonic flow ͑i.e., ͉M͉ Ͻ 1͒. Although there is no flow in the -direction, the semiminor axis, r 2 is larger than the radius of the static radiation circle, r = k: thus, the flow effects in the directions perpendicular to the flow direction cannot be ignored at a high Mach number. From Eqs. ͑6͒ and ͑16͒, a mapping function that maps the radiation circle in the ͑k x , k y ͒ domain into the radiation ellipse in the ͑k , k ͒ domain is defined as
The mapping of the radiation circle to radiation ellipse is illustrated in Fig. 1 .
C. NAH procedure in moving fluid medium
When acoustic pressure data are measured in a moving fluid medium, the forward and inverse spatial Fourier Transforms given in Eqs. ͑1͒ and ͑7͒ can be re-used without any modifications. Note that the Fourier Transforms in the moving fluid medium case relate the acoustic fields between ͑ , ͒ and ͑k , k ͒ domains. From Eqs. ͑3͒, ͑5͒, ͑13͒, and ͑15͒, the acoustic pressure and particle velocity propagators are defined as
An improved wave number filter is obtained by mapping the conventional static wave number filter 3, 13 in the ͑k x , k y ͒ domain into the ͑k , k ͒ domain. By applying Eq. ͑20͒ to Eqs. ͑A1͒-͑A3͒ in Appendix A, the wave number filter in the moving fluid medium case is defined as:
If
In Eqs. ͑24͒ and ͑25͒, k r is defined as
Note that k r in Eqs. ͑24͒-͑26͒ is represented in terms of the moving medium coordinates, and that is obtained by applying the mapping function, Eq. ͑20͒ to Eq. ͑A3͒. In Eq. ͑24͒, ␣ and k c are the filter slope and cut-off wave number, respectively, that are determined from the dynamic range of a measurement system, signal-to-noise ratio ͑SNR͒, hologram height, and wave number components of a source ͑see Ref.
3͒.

D. Spatial sampling in moving fluid medium
As discussed in previous sections, the mean flow of a fluid medium affects the wave number spectrum in the flow direction as well as in the directions perpendicular to the flow direction. Thus, it is required to define the -and -direction sampling spaces of a NAH microphone array placed in the moving fluid medium. In a static fluid medium case, the number of spatial sampling points along the minimum wavelength at the highest frequency of interest should be at least two: i.e., the sampling space, ⌬ is defined as
where s is the over-sampling rate ͑s Ն 1͒: e.g., it is recommended to set s =2 ͑i.e., four sampling points per unit wavelength͒. In Eq. ͑27͒, min is the minimum wavelength that can be related with the maximum wave number, k max or the maximum frequency, f max : i.e., min =2 / k max = c 0 / f max . Note that k max can be also considered as the radius of the radiation circle at the maximum frequency, f max . Similarly, the spatial sampling spaces in the case of the moving fluid medium can be determined from the radiation ellipse defined in Eqs. ͑16͒-͑19͒. The maximum wave numbers in the -and -directions can be obtain from Eqs. ͑16͒-͑19͒: i.e.,
͑29͒
By substituting the maximum wave numbers into Eq. ͑27͒, the spatial sampling spaces in the moving fluid medium are written as
III. MONOPOLE SIMULATION AND EXPERIMENT
For the purpose of validating the proposed NAH procedure in a moving fluid medium, a monopole simulation and an experiment described in the following sections are conducted.
A. Monopole simulation
The mathematical representation of the acoustic pressure field radiated from a monopole in a moving fluid medium is presented as Eq. ͑B7͒ in Appendix B. Equation ͑B7͒ is implemented in a computer program and used for the simulation. Note that the speed of sound is set to c 0 = 343 m / s for the simulation.
The monopole simulation is designed to simulate the experiment shown in Figs. 2 and 3 . An 8ϫ 5 microphone array is assumed to be used in the simulation. Note that the -direction microphone space is set to d = 0.025 m for the simulation while d = 0.05 m for the experiment. The -direction microphone space and hologram height ͑i.e., the distance between the source and hologram surfaces͒ are set to d = 0.05 m and h = 0.06 m, respectively. The total number of scans is 6 in the simulation, which covers 8 ϫ 30 measurement points.
In the simulation, two uncorrelated monopole sources are placed at the center locations of two loudspeakers used in the experiment, i.e., ͑ , , ͒ = ͑0.3, 0.25, −0.05͒ m and ͑0.5,0.1,Ϫ0.05͒ m. It is assumed that there is no reflective surface ͑i.e., free field͒. Airflow speed is set to M = −0.6 that is chosen to simulate a jet noise measurement case where a jet airplane is in a cruise condition at ͉M͉ = 0.6. Acoustic pressure data are calculated at the locations of the array microphones at each scanning position for 10 s at the sampling frequency of 8192 Hz. The reference signals are also calculated at the locations of two reference microphones placed closely to the loudspeakers. Note that the distance between each monopole and reference microphone is 0.01 m. 
B. Experiment setup
The experimental setup is shown in Figs. 2-4 . An 8 ϫ 5 quarter inch microphone array ͑i.e., the microphone's diameter is approximately 7 mm͒ is used to scan 8 ϫ 15 measurement points: i.e., the total number of scans is 3 as shown in Fig. 2 As shown in Figs. 2 and 3 , there is a hard surface that can be assumed as a rigid boundary. The rigid surface is set at = 0 so that the distance between the rigid surface and microphone array is one half of the -direction microphone space ͑i.e., 0.025 m as shown in Fig. 2͒ . The measured acoustic pressure data is then mirrored with respect to the rigid surface. The hologram data obtained by assembling both the measured and mirrored acoustic pressure data are then processed with the assumption that the combined hologram data are measured in a free-field condition.
An acoustic wind tunnel with an open test section of 0.4 m ϫ 0.4 m is used to generate airflow at M = −0.12 in the experiment. Both the microphone array and loudspeakers are placed within the test section. The airflow speeds measured at several points within the test section verify that the airflow can be approximated as a uniform flow at the given flow condition of M = −0.12. In addition, it is measured that turbulence intensity is less than 1%. Background noise level is approximately 60 dBA within the test section.
A laptop along with a National Instrument ͑NI͒ 64 channel data acquisition ͑DAQ͒ system and the NI LabView software is used to record the acoustic pressure data as shown in Fig. 4 . Two independent excitation signals are generated from two HP waveform generators. As shown in Fig. 4 , the two waveform generators are placed on a black, two-channel loudspeaker amplifier and the NI DAQ system is placed behind the laptop. The excitation signals are then used to independently drive the loudspeakers through the two-channel amplifier. The maximum sound pressure levels ͑SPLs͒ are set to approximately 98 and 86 dB on the hologram plane at 1.5 kHz. Note that the higher SPL is set with the upper left loudspeaker and the lower SPL with the lower right loudspeaker. The excitation signals supplied to the amplifier are also used as reference signals. Additional reference signals are measured by using six reference microphones without wind screens installed. As shown in Fig. 3 , the six reference microphones are placed behind the microphone array on the opposite side of the loudspeakers where flow noise effects can be negligible.
In order to reduce noise effects, the cross-spectral matrix of the reference signals is decomposed by applying the Singular Value Decomposition ͑SVD͒. The effects of flow noise and measurement noise are then reduced from the measured data by removing the third and higher largest singular values associated with the noise components. Note that the largest two singular values are mainly associated with the sound radiated from the loudspeakers.
C. Results and discussion
Note that the partial field decomposition procedure based on the Cholesky Decomposition ͑CD͒ 10,11 is applied to obtain the following partial field results. The acoustic pressure data generated from the two monopoles in an air medium moving at M = −0.6 are calculated on the hologram surface at = 0.06 m. The resulting hologram data are shown at f = 1.5 kHz in Fig. 5 . Note that the first field is mainly radiated from the upper left monopole source and the second field from the lower right monopole source. The maximum SPL of the upper left monopole source is twice higher than the maximum SPL of the lower right one, which simulates the sound level difference between the two loudspeakers in the experiment. Figure 6 shows the imaginary part of the -direction wave number, k and the weight function, W of the proposed wave number filter used for a backward projection as the functions of k and k ͓see Eqs. ͑23͒-͑26͔͒. The radiation circle of the corresponding static fluid medium case ͑i.e., the no flow case at f = 1.5 kHz͒ is overlaid as the black, solidlined circle in Fig. 6 . In Fig. 6͑a͒ , a radiation ellipse can be identified along the edge of the supersonic region where the imaginary part of k is equal to zero. Note that the center of the radiation ellipse is shifted along the positive k -axis due to the negative fluid flow, i.e., at M = −0.6 ͓see Eqs. ͑16͒ and ͑17͔͒. In Fig. 6͑b͒ , the proposed wave number filter used for a backward projection, passes supersonic components ͑i.e., W Х 1͒ while it reduces the most of high wave number, subsonic components with a smooth transition around the edge of the radiation ellipse. Figure 7 shows the directly-calculated and reconstructed total acoustic pressure fields on the source surface ͑i.e., =0 m͒ at f = 1.5 kHz. The directly-calculated acoustic pressure field is shown in Fig. 7͑a͒ , while the reconstructed acoustic pressure fields are presented in Figs. 7͑b͒ and 7͑c͒ . Note that the acoustic pressure field reconstructed by using the "proposed" wave number filter is shown in Fig. 7͑b͒ while the acoustic pressure field reconstructed by using the conventional "static" wave number filter is shown in Fig.  7͑c͒ . The same results are also presented on the -plane at = 0.25 m in Fig. 8 . The reconstructed field by using the proposed wave number filter agrees well with the directlycalculated field except the edges of the measurement aperture: see the 10 Pa contour lines in Figs. 7͑a͒ and 7͑b͒ . Note that the proposed NAH projection requires that the measured acoustic pressure along the edges of the measurement aperture should be negligibly small to reduce truncation errors. However, as shown in Fig. 5 , the hologram acoustic pressure at the top and bottom edges close to sound sources cannot be negligible, resulting in the differences along the edges of the measurement aperture between the directly-calculated and reconstructed acoustic pressure fields in Figs. 7͑a͒ and 7͑b͒ . When the directly-calculated field is compared with the acoustic pressure field reconstructed by using the conven- FIG. 7 . ͑Color online͒ Total acoustic pressure fields on source plane at =0 m ͑monopole simulation results at M = −0.6 and f = 1.5 kHz͒: ͑a͒ Directly calculated, ͑b͒ reconstructed by using "proposed" wave number filter, and ͑c͒ reconstructed by using conventional "static" wave number filter. tional "static" wave number filter, the locations of the sources identified from the reconstructed field are approximated 0.08 m shifted from the exact locations in the negative -direction ͓see Figs. 7͑a͒ and 7͑c͔͒. Figure 9 shows the acoustic pressure fields on the source surface at = 0 m reconstructed from the experimental data at 1.5 kHz and the airflow speed of M = −0.12. Each acoustic pressure field represents the acoustic pressure field radiated from one of the loudspeakers. That is, the first acoustic pressure field is mainly associated with the sound radiated from the upper left loudspeaker and the second field from the lower right loudspeaker, although the small power leakage radiated from the lower right loudspeaker can be observed in the first field at the location of the lower right loudspeaker ͓see the 0.5 Pa contour line in Fig. 9͑a͔͒ . The two local maximum points of the projected acoustic pressure results in Fig. 9 are also in line with the locations of the two loudspeakers. Note that the maximum SPL of the first acoustic pressure field is approximately four time higher than the maximum SPL of the second field ͑i.e., 12 dB difference͒, which is consistent with the 12 dB difference between the loudspeaker excitation levels as described in Sec. III B.
The reconstructed -direction particle velocity fields and active intensity fields on the source surface are presented in Figs. 10 and 11 , respectively. Note that the reconstructed velocity and intensity are plotted in m / s and N / ms, respectively. Similar to the reconstructed acoustic pressure fields, the two loudspeaker locations can be identified from the reconstructed velocity and intensity results. The power leakage that has the circular shape of the lower right loudspeaker can be obviously observed in the first fields of Figs. 10 and 11 ͓see the 1 m / s contour line in Fig. 10͑a͒ and the 0.1 N / ms contour line in Fig. 11͑a͔͒ . Note that in Fig. 9 , the leakage is difficult to be associated with the lower right loudspeaker since its shape is not circular ͓see the 0.5 Pa contour line in Fig. 9͑a͔͒ . Through the reconstructed acoustic fields presented in Figs. 7 and 8 , it can be concluded that although there is the power leakage, the CD-based partial field decomposition procedure results in the physicallymeaningful partial fields.
IV. CONCLUSIONS
In this paper, the improved NAH procedure is presented that can be used to project acoustic pressure data measured in a fluid medium moving at a subsonic and uniform velocity while a composite noise source and receiver are not in motion. In particular, the wave number filter defined by mapping the static wave number filter into the wave number domain of the moving fluid medium is proposed. The particle velocity propagators are also introduced that include the mean flow effects on reconstructed particle velocities even in the directions perpendicular to the flow direction. By applying the proposed NAH procedure to the monopole simulation data at the airflow speed of M = −0.6, it is shown that the 10 . ͑Color online͒ Reconstructed -direction particle velocity fields in m / s on source surface at =0 m ͑experimental results at M = −0.12 and f = 1.5 kHz͒: ͑a͒ First -direction particle velocity field, and ͑b͒ second -direction particle velocity field. FIG. 11 . ͑Color online͒ Reconstructed -direction active intensity fields in N / ms on source surface at =0 m ͑experimental results at M = −0.12 and f = 1.5 kHz͒: ͑a͒ First -direction active intensity field, and ͑b͒ second -direction active intensity field.
proposed procedure can be used to successfully reproduce the directly-calculated sound fields. Through the experiment conducted with the two loudspeakers in the wind tunnel operating at M = −0.12, it is also shown that the proposed NAH procedure can be successfully used to identify the locations of the two loudspeakers and their radiation patterns.
APPENDIX A: WAVE NUMBER FILTER IN STATIC FLUID MEDIUM
The static wave number filter 3, 13 
ͮ ͑A2͒
In Eqs. ͑A1͒ and ͑A2͒, k r is defined as
In Eq. ͑A1͒, ␣ and k c are the filter slope and cut-off wave number, respectively, that are determined from the dynamic range of a measurement system, signal-to-noise ratio ͑SNR͒, hologram height, z h , and the wave number components of a source ͑see Ref. 3͒.
